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Three-dimensional transient responses of porous media under moving surface impulses of ﬁnite fre-
quency components are theoretically studied. We discuss three free-surface stiffness conditions, such
as fully permeable—‘open pore’, fully impermeable—‘closed pore’, and partially permeable boundaries,
that are not explicitly discussed before. The transient responses of the solid vertical displacement and
the pore ﬂuid pressure triggered by the moving impulses on the surface are particularly investigated
in different typical surface stiffness, moving impulse velocities, material permeabilities and impulse peak
frequencies. It is concluded that the R1 surface wave carries the strongest energy as that for stationary
source conﬁgurations. Moreover, it is more sensitive to surface stiffness condition than body waves rep-
resented in the responses of the corresponding wave forms of obvious different amplitudes and arrival
time. Furthermore, the apparent velocity of the moving impulse pointing toward the ﬁxed receiver
may cause ‘blue shift’ in frequency. The higher velocity triggers more obvious frequency shift. For the
moving impulse of low peak frequency, this shift becomes much serious. The lateral velocity of the mov-
ing impulse to the receiver may also twist the received wave forms, especially for the impulse of low peak
frequency.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The transient dynamic responses of soil media under moving
surface impulses are of signiﬁcance for civil engineering, geotech-
nique and earthquake engineering, etc. Propagating waves are
usually measured to reﬂect the transient responses of the media.
For most engineering cases under stationary sources, the time
and spectrum responses of waves may characterize the dynamic
characteristics of the rocks subsurface. For some soft foundations,
however, the surface waves propagate at pretty low velocities.
Therefore, the moving velocities of the source impulse have to be
considered in order to obtain the transient responses to represent
the ground truth.
Vibrated responses were ﬁrst noted by Sneddon (1951, 1952),
who discussed a line steady load at a subsonic velocity moving
on the surface of an elastic medium, and obtained the 2D solutions
by using integral transformmethod. This problemwas extended by
Eason (1965) into 3D elastic half-space. He derived the general
solutions of the responses by using double Fourier transformations.
Payton (1967) considered the transient responses of a line load
applied suddenly and then moving with a constant velocity, andanalyzed the acceleration process of the source in the solutions.
Apsel (1979) and de Barros and Luco (1994) developed a theory
of dealing with multilayered viscoelastic half-space. Lefeuve-Mes-
gouez et al. (2000, 2002) investigated the transmission of the
vibrations on the surface of 2D and 3D elastic soils, under the
vertical harmonic strip and rectangular loads moving at high-
velocities. These achievements refer to the dynamic responses of
single phase media under moving impulses.
However, the solids near surface are ﬁlled with ﬂuids due to
general hydrogeological conditions. The interaction between a
moving impulse and the porous media attracted plenty of atten-
tions. Based on the Biot theory of ﬂuid saturated porous media
(Biot, 1956, 1962), Burke and Kingsbury (1984) presented an
analytical solution of poroelastic material responses under the
traveling surface pressure. Siddharthan et al. (1993) analyzed the
dynamic responses of a layered poroelastic half-space under a
moving load in the plane strain case. They approximated the
solutions of Biot’s wave equations by neglecting the solid and ﬂuid
coupling. Jin et al. (2004) obtained a semi-analytical expression of
2D half-plane porous media under a surface steady moving line
load. Theodorakopoulos and his coworkers (2003, 2004) studied
the responses of a poroelastic half-plane soil medium under mov-
ing line loads by analytical and approximated numerical methods.
Lu and Jeng (2007) ﬁrstly derived the 3D porous medium responses
under constantly moving point loads. Xu et al. (2008) extended
Fig. 1. A three-dimensional Cartesian coordinate system for the moving surface
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studied the 3D saturated poroelastic medium steady responses,
assuming the solid incompressible, under a ﬁnite rectangular load,
and simulated the case of rail track system on the surface. Cao and
Boström (2013) studied the accelerating and decelerating moving
trains loading on a poroelastic half space. Lefeuve-Mesgouez and
Mesgouez (2008, 2012) studied the ground vibration transmission
due to a high-velocity moving harmonic rectangular load on a
poroviscoelastic homogeneous and multilayered half-space by
wave-mode analysis. Li et al. (2012) analyzed several approxi-
mated formulations of porous media in wavenumber domain for
modeling the responses of a poroelastic half-space under a moving
harmonic point load. Beskou and Theodorakopoulos (2011) com-
prehensively reviewed the moving load problems. Although many
problems involving in the responses of porous media under mov-
ing loads have been considered, to the best of our knowledge,
the studies dealing with the transient responses of porous media
under a moving impulse of ﬁnite frequency components are rather
limited. Especially, lack discussions on the different surface stiff-
ness conditions, which are often encountered in pavement mainte-
nance engineering, make the thorough investigation on dynamic
response of porous media has still to be suggested.
In the present work, we analyze the near surface transient re-
sponses in space domain under the moving surface impulses. We
classify surface stiffness conditions into three types, fully drained
permeable, fully undrained impermeable and partially permeable
free surface boundary conditions (Deresiewicz and Skalak, 1963;
Bourbié et al., 1987). Inmost engineering cases, the different surface
stiffness can represent different surface conditions for ﬂuid drain-
age, such as the loose overlap, the bituminous pavement and the
general conditions between the twoextreme conditions. In fact, par-
tially permeable conditions are more often encountered, since all
ﬂuids in subsurface pores are not fully drained or fully plugged
simultaneously on the surface. Unfortunately, the partially perme-
able boundary has not been explicitly analyzed. Focusing on this is-
sue, we ﬁrstly introduce the formalism of a ﬂuid-saturated Biot’s
model to analyze the expressions of 3D transient responses. Then
the transient solutions for different free surface stiffness conditions
will be derived. The partial differential wave equations correspond-
ing to these three possible surfaces are solved in frequency–wave-
number domain. The extended PTAM (Peak and Trough Average
Method, Zhang et al., 2003)method is employed in 2Dwavenumber
domain to handle the oscillatory inverse integrals, and inverse Fou-
rier transform is implemented in the frequency domain. The numer-
ical experiments of transient responses represented in solid
displacements and the pore ﬂuid pressures are conducted to show
the modal characteristics of the wave propagation. The displace-
ment andpressure responses in typical cases ofmaterial andmoving
impulse conﬁgurations are plotted to reﬂect their similarities and
differences of the transient characteristics.
2. A ﬂuid-saturated porous model
A framework of solid grains and a connected pore space ﬁlled
entirely by ﬂuid comprise the ﬂuid-saturated porous medium.
The volume ratio of the pore space is deﬁned as porosity, /. Two
displacement vectors, u and U, describe the motions of the multi-
phases of the solid and ﬂuid, respectively. Usually, w ¼ /ðU uÞ
characterizes the relative ﬂuid-solid displacement (Biot, 1962).
The stress tensor for porous media has a volume average effect
of the solid frame and the pore ﬂuid. For a general isotropic case,
the equations governing the motion of porous media are written
by Biot (1962).impulse problems. (a) A moving surface impulse along the x axis of time dependent
F(t), and velocity v; (b) The decomposition of the velocity of the moving impulse
related to the receiver on the xy plane.lr2uþ ðkC þ lÞrðr  uÞ þ aMrðr wÞ ¼ @ttðquþ qfwÞ;and
aMrðr  uÞ þMrðr wÞ ¼ @ttðqfuþmwÞ þ b@tw; ð1Þ
where q ¼ ð1 /Þqs þ /qf is the bulk density of the ﬂuid saturated
medium, qs and qf are the densities of the solid grains and ﬂuid,
respectively. The parameter kC ¼ kþ a2M is the Lame coefﬁcient
of the medium on undrained condition, while k and l are the Lame
constants of the solid skeleton. The parameters a (Biot–Wills coef-
ﬁcient) and M are given by
a ¼ 1 Km
Ks
;
and
1
M
¼ a /
Ks
þ /
Kf
; ð2Þ
respectively, where Km ¼ kþ 43l is the solid skeleton bulk modulus,
Ks and Kf are the solid grain bulk modulus and ﬂuid modulus,
respectively. The parameter m is a mass-like coefﬁcient in terms
of m ¼ Cqf =/, and C denotes tortuosity. Berryman (1980) gives an
estimated value of tortuosity as a function of porosity,
C ¼ 12 ð1þ 1=/Þ for uniform spherical grains. The drag force coupling
damping coefﬁcient b0 is formulated by b0 ¼ gj, where g is dynamic
ﬂuid viscosity, and j represents macroscopic permeability. And
b ¼ b0Fr , where Fr is the viscous correction factor, Johnson et al.
(1987) gave an expression of Frðf Þ ¼ 1þ i2Msf=fC
 1=2, where Ms is
the shape factor (always equal to 1). The reference critical
frequency is deﬁned as fc ¼ g/2pqf j.
3. Generation of transient responses
We consider a three-dimensional conﬁguration of the half
space, z > 0 represents the porous media, shown in Fig. 1a. Assum-
ing the dynamic response in three-dimensional media, we
introduce a Cartesian coordinate system ðx; y; zÞ. When deriving
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the displacement decompositions can be obtained in scalar and
vector potentials, written by
u ¼ r u1 þr w1;
w ¼ r u2 þr w2; ð3Þ
where u1 and u2 are scalar potentials, and w1 and w2 are vector
potentials of solid- and relative ﬂuid-displacements.
By the displacement potential decompositions (see Appendix
A), in the frequency–wavenumber domain, the general solutions
of the displacements in solid frame are written by,
u^1 ¼ ikxA1ep1z þ ikxB1ep2z þ qD1eqz 
ky
q
ðkxC1 þ kyD1Þeqz;
u^2 ¼ ikyA1ep1z þ ikyB1ep2z  qC1eqz þ
kx
q
ðkxC1 þ kyD1Þeqz;
and
u^3 ¼ p1A1ep1z  p2B1ep2z þ ikxD1eqz  ikyC1eqz; ð4Þ
The relative displacements are written by
w^1 ¼ ikxA1ep1z þ ikxB1ep2z þ q#D1eqz  kyq #ðkxC1 þ kyD1Þe
qz;
w^2 ¼ ikyA1ep1z þ ikyB1ep2z  q#C1eqz þ kxq #ðkxC1 þ kyD1Þe
qz;
and
w^3 ¼ p1d1A1ep1z  p2d2B1ep2z  ikx#1D1eqz þ iky#1C1eqz; ð5Þ
where di = e2  kpie1, i = 1, 2 (see Appendix A). And the stress com-
ponents in the porous media can be drawn from the constituent
relations
sij ¼ lðui;j þ uj;iÞ þ kdijui;i  adijp;
p ¼ aMui;i Mwi;i; ð6Þ
where sij denotes the stress in the solid, and p is the hydraulic
pressure in pore space. The general solutions are written by
s^zz ¼ k A1k21ep1z þ B1k22ep2z
 
þ 2l p21A1ep1z þ p22B2ep2z  ikxqD1eqz þ ikyqC1eqz
  ap^;
s^xz ¼ l 2ikxp1A1ep1z  2ikxp2B1ep2z þ 2kxkyC1eqz

þ k2x þ k2y  q2
 
D1eqz
i
;
s^yz ¼ l 2ikyp1A1ep1z  2ikyp2B1ep2z  2kxkyD1eqz

þ k2x þ k2y þ q2
 
C1eqz
i
;
p^ ¼  ðaþ d1ÞM p21  k2x  k2y
 
A1ep1z
h
þðaþ d2ÞM p22  k2x  k2y
 
B1epzz
i
: ð7Þ
With generality, we assume that a moving solid force impulse
exerted on the surface with a constant velocity v along x axis with
a time function FðtÞ (Fig. 1a). And the time t is set to zero, when the
impulse passes the location (0,0,0). On the surface interface z = 0
the solid stress should satisfy,
szzðx; y; z; tÞjz¼0 ¼ FðtÞdðx vtÞdðyÞ;
sxzðx; y; z; tÞjz¼0 ¼ 0;syzðx; y; z; tÞjz¼0 ¼ 0; ð8Þ
where d is the Dirac delta. The boundary condition for the pore ﬂuid
on the free surface can be written by Deresiewicz and Skalak (1963),
Bourbié et al. (1987) and Zhang et al. (2011)
@tw3ðx; y; z; tÞjz¼0  vpðx; y; z; tÞjz¼0 ¼ 0; ð9Þ
where v denotes the surface stiffness, which represents the drain-
age and surface tension of the pore ﬂuid on the surface. When
v!1, Eq. (9) becomes pðx; y; z; tÞjz¼0 ¼ 0, the pores on the free sur-
face are drained, referred as an permeable ‘open-pore’ condition;
when v ¼ 0, Eq. (9) becomes @tw3ðx; y; z; tÞjz¼0 ¼ 0, the pores on
the free surface are undrained, referred as a sealed ‘closed-pore’
condition. Besides, the Eq. (9) represents an intermediate partially
permeable state.
In the frequency–wavenumber domain, the free surface bound-
ary conditions for solid skeleton frame can be givenby
s^zzðkx; ky; z;xÞjz¼0 ¼ 
Z 1
1
FðtÞeixtZ 1
1
dðx vtÞeikxxdx
Z 1
1
dðyÞeikyydy
 	 

dt
¼ 
Z 1
1
FðtÞeiðxþkxvÞtdt ¼ 2pFðxþ kxvÞ;
s^xzðkx; ky; z;xÞjz¼0 ¼ 0;
s^yzðkx; ky; z;xÞjz¼0 ¼ 0; ð10Þ
where FðxÞ represents the frequency response of FðtÞ, Fðxþ kxvÞ
presents the x directional perturbation of the moving impulse on
the original frequency spectrum FðxÞ. For the pore ﬂuid
ixw^3ðkx; ky; z;xÞjz¼0 ¼ vp^ðkx; ky; z;xÞjz¼0: ð11Þ
Transient solutions of dynamic near surface responses in the
frequency–wavenumber domain are determined analytically by
the boundary conditions (see Eqs. (B.1), (B.3), and (B.5)). All tran-
sient solutions have the ‘Rayleigh-wave dominator’
Ri ¼ Riðkx; ky;xÞ, i = 1, 2, 3, where Ri, i = 1, 2, 3 is also regarded as
the surface-wave dispersion equation for different free surfaces
stiffness.
4. Numerical results and discussion
In order to further analysis in the space domain, the inverse tri-
ple Fourier transform must be implemented. We use S^ to represent
the solutions in the frequency–wavenumber domain for Eqs. (4),
(5), and (7). The transient responses represented by the frequency
dependent moving impulses FðxÞ as
S^ðkx; ky; z;xÞ ¼ Fðxþ kxvÞS^ðkx; ky; z;xÞ; ð12Þ
where S^ denotes the Green function spectrum for the solution in
the frequency–wavenumber domain. And the space-time domain
representation of Sðx; y; z; tÞ is written by
Sðx;y;z;tÞ¼ 1
2p
 3Z Z Z
FðxþkxmÞS^ðkx;ky;z;xÞeiðxtþkxxþkyyÞdxdkxdky:
ð13Þ
For a steady state of speciﬁc monochromatic spectrum of FðxÞ
(FðtÞ harmonically varies with time), the integral of frequency
can be reduced. However, for a ﬁnite continuous spectrum of
FðxÞ, all the integrals must be implemented, which make the dy-
namic space-time solutions more unstable and unconvergent by
the direct quadrature routine, DFT or DWM (Discrete Wavenumber
Method, Bouchon, 2003), especially for the receivers near the
surface.
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Average Method, Zhang et al., 2003) in numerical implements
using two dimensional wavenumber transforms to obtain a fasten
convergent solution.Firstly, we determine the critical wavenumber
kc , beyond which the integration
Skðk;xÞ ¼ 12p
 2 Z kyc
kyc
Z kxc
kxc
Fðxþ kxvÞS^ðkx;ky; z;xÞeiðkxxþkyyÞdkxdky;
k¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k2x þ k2y
q
; ð14Þ
becomes an oscillatory with a monotonically and smoothly decay-
ing envelope. We choose an empirical value as
kxc ¼ kyc ¼ ð
ﬃﬃﬃ
2
p
=2Þkc ¼ ð
ﬃﬃﬃ
2
p
=2Þ  1:5x=vmin; ð15Þ
where vmin is the minimum body–wave velocity of the medium. Be-
cause of the damping effects of solid and ﬂuid coupling, all the poles
and branch points of Ri, i = 1, 2, 3 are complex. We do not need to
introduce imaginary x to depress the inﬂuence of ﬁctitious source
and structures as mentioned in Zhang et al. (2003).
Second, we determine the raw peaks and troughs of the curve of
Sk vs. kx and ky in the range of
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k2x þ k2y
q
greater than kc by the fol-
lowing simple screening process as the integral evaluation contin-
ues. As kx and ky increase simultaneously with a ﬁxed step-size Dk,
Dk ¼ 2p=L in DWM, where L is space sampling (see Bouchon,
2003). In this research, we choose L ¼ 4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2 þ y2
p
, four times of
the offset to the O of the coordinate system, which can meet the
accuracy. We record every three successive integral sampling point
kN and corresponding SN , N = 1, 2, 3. If S2 is greater or less than both
S1 and S3, then (k2; S2) is a rough location of a peak or trough. The
accurate value of the peak or trough can be further reﬁned as SðjÞ
by a quadratic interpolation (see Zhang et al., 2003), j is the count-
ing number. If not, there is no peak or trough found in this interval.
Regardless of this case, move forward one point and form a new
three successive integral sampling points and integral values, then
repeat the above screening procedure until enough peaks and
troughs are found.Finally, we apply repeated averaging method
(RAM, Dahlquist and Björck, 1974) to obtain the reduced sequence
SiðjÞ and the corresponding relative error sequence EiðjÞ as
SiðjÞ ¼ 1
2
Si1ðjþ 1Þ þ Si1ðjÞ
h i
; i ¼ 1;2;3 . . . ; ð16Þ
EiðjÞ ¼
SiðjÞ  Siðþ1Þ
 
Siðþ1Þ
  ; i ¼ 1;2;3 . . . ; ð17Þ
and to evaluate the limit value of Eq. (16) whose limit is believed to
equal the limit value of Sk. We choose imax ¼ 10, jmax ¼ 36 and
threshold of Ei equals 109. All the computations can converge to
meet the accuracy of Ei < 109, with i < 10 and j < 36.
By overcoming the oscillatory integration of wavenumber, the
inverse Fourier transform for the frequency domain to the time do-
main can be implemented in stable by e.g. FFT.
4.1. Comparisons with known results
In this section, two special cases of our solutions are compared
with some known results. The comparisons show a good agree-
ment with the known results.
4.1.1. Comparison with the solution for a steady moving load on a
porous half space
Our results will be compared with the results for a three-
dimensional porous half space subjected to a steady moving pointforce load under the open-pore surface condition (Lu and Jeng,
2007). The material parameters of the porous medium are chosen
as follows: l ¼ 3:0 GPa, k ¼ 1:0 GPa, qs ¼ 2:5 103 kg=m3,
qf ¼ 1:0 103 kg=m3, / ¼ 0:3, a ¼ 0:95, M ¼ 5:0 GPa,
g ¼ 1:0 103 Ns=m2, j ¼ 1:0 1013 m2, and deﬁned C ¼ 2:0.
The steady moving vertical point force F is applied at
ðx0; y; zÞ ¼ ð0; 0;0Þ, where x0 ¼ x vt. Three cases of different mov-
ing velocities of v ¼ 0:1vSH, v ¼ 0:5vSH and v ¼ 0:9vSH are calcu-
lated, where vSH ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l=q
p
. The dynamic responses of the
receivers at the points with coordinates 2:0 m 6 x0 6 2:0 m, and
y ¼ z ¼ 1:0 m for different moving velocity are presented.
Fig. 2a and b plot the vertical displacement, the pore pressure
variation with the different places of x0 for the three steady moving
loads. The vertical displacement, and the pore pressure are normal-
ized by uz ¼ u0zlRaR=F, p ¼ p0a2R=F, where the reference
lR ¼ 3:0 GPa, and aR ¼ 1:0 m, respectively. F is vertical force mag-
nitude. In Fig. 2a and b, our results of uz; p are in a very good agree-
ment with those of Lu and Jeng (2007).
4.1.2. Comparison with the solution for a stationary surface impulse on
a porous half space
In this numerical experiment, our results will be compared with
the dynamic response of a water saturated porous half space to a
stationary surface impulse (Zhang et al., 2012). The material
parameter are chosen as follows: l ¼ 5:625 GPa, k ¼ 4:375 GPa,
q ¼ 2:75 103 kg=m3, qf ¼ 1:0 103 kg=m3, / ¼ 0:25, a ¼ 0:9,
M ¼ 4:0 GPa, and b0 ¼ 9:6 105Pa s=m2. The stationary vertical
point force impulse F(t) is applied at ð0; 0;0Þ. The impulse is se-
lected as a time dependent Ricker function.
FðtÞ ¼ F0 1 2p2f 20 ðt  t0Þ2
h i
ep
2 f 20 ðtt0Þ
2
; ð18Þ
where f0 is the peak frequency, and t0 is the time shift. F0 denotes
the force magnitude of the impulse. And f0 ¼ 35 Hz, and t0 = 0.1 s.
The magnitude F0 = 100 N, and the receiver is set 375 m away on
the surface.
Fig. 3 plots the vertical displacement transient responses of
the receiver for open-pore and closed-pore surface stiffness con-
ditions. Comparison of the present solution with Zhang et al.
(2012) which is shown in Fig. 3 indicates that the results obtained
by the present approach agree very well with those of Zhang
et al. (2012).
4.2. Numerical analysis of transient responses under moving surface
impulses
4.2.1. Model parameters, wave propagations and moving surface
impulses
The material properties for our further analysis are listed in
Table 1 which is a speciﬁc unconsolidated sand sample near a high-
way construction site. Unconsolidated sand of small shear modulus
and high intrinsic permeability represents typical geological mate-
rial in very shallow aquifers. The physical properties of the ﬂuid
correspond to the water under near surface conditions. The phase
velocity and the loss angle of the body waves can be determined by
the complex wavenumbers, as mentioned in Eqs. (A.4) and (A.5).
We can obtain
Vi ¼ Re ki2pf
 	 
1
; ð19Þ
h ¼ tan1 Imðk
2
i Þ
Reðk2i Þ

 ¼ tan1 1Q

; ð20Þ
where i denotes P1, P2 and S, and ki is the corresponding wavenum-
ber. Q is the quality factor of the wave in the medium. The phase
Fig. 2. Comparison of the present results with a porous half space subjected to a steady moving vertical point force load with different velocities under open-pore condition
(Lu and Jeng, 2007). (a) The solid vertical displacement; (b) the pore ﬂuid pressure.
Fig. 3. Comparison of the present results of the solid vertical displacement with a
stationary vertical force impulse under open pore and closed-pore condition (Zhang
et al., 2012).
Table 1
Material properties for the porous media.
Pore ﬂuids Water
Bulk modulus of ﬂuid (GPa) Kf 2.234
Material density of ﬂuid (kg/m3) qf 997
Viscosity (103 Ns/m2) g 1
Porous media Unconsolidated sand
Bulk modulus of porous media (GPa) Km 0.125
Shear modulus of porous media (GPa) l 0.06
Bulk modulus of solid (GPa) Ks 35
Material density of solid (kg/m3) qs 2650
Porosity / 0.44
Permeability (1012 m2) j 110
Fig. 4. Phase velocities (a) and loss angles (b) vary with frequency for P1 (solid line),
P2 (dash-dotted line) and S (dashed line) waves. The material parameters are given
in Table 1. The vertical dotted line presents the critical reference frequency
(fc = 638.5 Hz) for the porous medium.
664 Y. Zhang et al. / International Journal of Solids and Structures 51 (2014) 660–672velocity and loss angle of the Rayleigh waves can be also deter-
mined by the Rayleigh wave dominators (Eqs. (B.2), (B.4), and
(B.6)). For impermeable and partially permeable surface, more than
one type of surface wave mode exists (Zhang et al., 2011, 2012),
named as R1 and R2 wave, respectively. However, the P2-wave like
R2 wave propagates with a very low coupling damping coefﬁcient
b0, otherwise it diffuses and cannot be easily observed (Zhang
et al., 2012). Therefore, the contribution of R2 wave to the near sur-
face responses may be neglected.
Fig. 4a and b show the velocities and the loss angles of P1, P2,
and S waves vary with frequency. Both ﬁgures are plotted in
semi-logarithm frequency coordinate. The critical frequency of
fc ¼ 638:5 Hz separates the different ﬂow physical properties intoviscous ﬂuid of low frequencies, and inertial force dominated ﬂuid
of high frequencies. As shown in Fig. 4a and b, all the waves behave
dispersion features at a portion of velocities and attenuations. The
P2 wave diffuses at low frequencies, because of the extreme low
phase velocities and high loss at low frequencies (Fig. 4b). At zero
frequency, the porous medium is like an effective elastic medium,
such as the case of Gassmann effective medium with only propa-
gating P1 and S waves existing. In this case, P1 wave and S wave
are non-loss and their velocities are Vp0 ¼ 1591 m=s and
Vs0 ¼ 177 m=s, respectively, and the P2 wave is not propagating
(see Table 2), therefore, the effective medium can be regarded to
Table 2
Velocity changes due to frequency for the porous medium.
Frequency (Hz) 0 5 35
S wave velocity (m/s) 177 177 177
P1 wave velocity (m/s) 1591 1591 1592
P2 wave velocity (m/s) 0 37 94
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wave velocity of the medium is VR10 ¼ 169 m=s.
When the moving impulse is acted on the surface, the transient
responseswill be perturbed by themovement. For a source–receiver
system, the receiver is ﬁxed at the coordinates (x,y,z). The moving
impulse is selected as a time dependent Ricker function of Eq. (18).
For most geophysical detections, the frequency band is a range
of 0–200 Hz. We choose an impulse wavelet of time shift 0.05 s.
The magnitude F0 = 100 N, and the receiver is set at Cartesian coor-
dinates (30 m, 30 m, 1 m) for an actual geophysical observation
layout (Fig. 1b). We compute the transient wave-ﬁeld responses
near free surface under different surface stiffness conditions.
4.2.2. Doppler effects on near surface responses
Figs. 5–7 present the time responses of the solid vertical dis-
placement uz and the pore ﬂuid pressure p of the receiver at
(30 m, 30 m, 1 m) under three surface stiffness conditions. The sur-
faces of the porous media are fully permeable open-pore surface,
fully impermeable closed-pore surface, and partially permeable
surface with surface stiffness v ¼ 0:1 Pa1 m=s, for the loose over-
lap, the bituminous pavement and the typical conditions between
the two extreme conditions. The responses start to be recorded
when the moving impulse passes O (0 m, 0 m, 0 m) of the ﬁxed
coordinates. A high impulse peak frequency f0 ¼ 35 Hz, and a highFig. 5. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) for
typical surface stiffness conditions with moving impulse of f0 = 35 Hz, and v = 40 m/s.
Fig. 6. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) for
typical surface stiffness conditions with moving impulse of f0 = 35 Hz, and v = 169 m/s.permeability j ¼ 110 1012 m2 (fc ¼ 638:5 Hz) are used. The
corresponding body wave velocities are presented in Table 2. Other
modal parameters are taken from Table 1. Three velocities of the
moving impulse are considered to cover the branch points of the
wave dominators Ri, i = 1, 2, 3. The time window is set to be
0.4 s, where the P2 and R2 waves cannot be observed in these
time-space records.
In Fig. 5, P1 and R1 waves, marked by ‘P1’ and ‘R1’ over the cor-
responding wave forms can be identiﬁed. The direct S waves are
sheltered by R1 waves completely and cannot to be observed eas-
ily. The interface non-geometric converted waves, P1S and P1P2,
marked by ‘P1S’ and ‘P1P2’ over the corresponding wave forms, be-
tween the P1 and R1 waves, can be identiﬁed. These types of waves
come from the inhomogeneous wave conversion at the interface in
high Poisson’s ratio solid (Roth and Holliger, 2000). The exact char-
acteristics of these wave phases in the porous media need to be
further analyzed. The P1S wave affects the pore ﬂuid pressure, be-
cause the longitudinal decompositions impact on SV polarizations.
The R1 waves possess dominant energy for all the vibrations near
surface. Among these strong energy responses of the solid vertical
displacement, the R1 wave under the partially permeable condition
is of the strong amplitude. Under open-pore condition, it has the
weakest amplitude. For the pore ﬂuid pressure, the situations are
exactly opposite. Nevertheless, body waves are not as sensitive to
the surface stiffness conditions as surface waves. It is notable that
they propagate in the nearly same wave forms for the three surface
cases.
When the moving impulse velocity increases, all the waves
arrive earlier. Fig. 6 shows the difference of the arrival time
at impulse moving velocity v ¼ 169 m=s in relation to
v ¼ 40 m=s. Notably, when the impulse velocity approaches
the phase velocity of R1 wave v ¼ 169 m=s, P1P2 wave cannotthe solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
Fig. 7. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) for the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
typical surface stiffness conditions with moving impulse of f0 = 35 Hz, and v=200 m/s.
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larger amplitude of wave forms. Meanwhile, the R1 waves be-
come narrower in wave forms. This implies that the waves
propagate with higher frequency components. For this source
and receiver conﬁguration, the apparent velocity vector of the
moving impulse is seen to point towards the receiver
(Fig. 1b). All the frequency components move upwards as a
‘blue shift’ of Doppler effect. This effect is more obvious for
v ¼ 200 m=s (Fig. 7). The apparent velocity becomes greater
when the impulse moves toward the receiver at higher veloc-
ities. This effect can be also observed in frequency spectra.
Comparing the power spectra of the solid vertical displace-
ments and the pore ﬂuid pressures for v ¼ 40 m=s and
v ¼ 200 m=s under the open-pore surface condition, Fig. 8Fig. 8. Power spectra of the transient responses at the receiver of Cartesian coordinates (3
p (b) under the open pore surface stiffness conditions with impulses of f0 = 35 Hz, and v
Fig. 9. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) for
typical surface stiffness conditions with moving impulse of f0 = 35 Hz, and v = 40 m/s, anmainly represents the obviously shift-up of the frequency
band. While, the variations of the frequency spectra are usu-
ally supposed to be caused by the attenuation of the media
(Carcione, 2007). Our analysis demonstrates that the fre-
quency components will change with the impulse velocities,
especially for the surface wave responses.
The wave forms are not distinctly twisted, because the period of
the impulse wavelet is about T  1=35 ¼ 0:029 s, even for
v ¼ 200 m=s, the lateral movement (Fig. 1b) of the impulse is not
enough to twist the wave forms, even for the low velocity surface
wave (Fig. 7).
In summary, from the comparative analysis of the near surface
responses (Figs. 5–8) under three surface stiffness conditions, we
obtain the following ﬁndings:0 m, 30 m, 1 m) for the solid vertical displacement uz (a) and the pore ﬂuid pressure
= 40, 200 m/s.
the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
d a different material permeability (j ¼ 11 1012 m2).
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ness v ¼ 0:1 Pa1 m=s, R1 wave has the largest amplitudes in
solid vertical displacement, but has the smallest in the pore
ﬂuid pressure responses among the three surface forma-
tions. All the body wave forms are not obviously affected
by the surface stiffness conditions.
(2) For the moving impulse and the ﬁxed receiver system, when
the impulse velocity increases, all the received wave forms
arrive earlier. The transient responses of the wave forms
show ‘blue shift’ in frequency band. This shift becomes more
obvious with higher impulse velocities.Fig. 10. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) fo
typical surface stiffness conditions with moving impulse of f0 = 35 Hz, and v = 169 m/s,
Fig. 11. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) fo
typical surface stiffness conditions with moving impulse of f0 = 35 Hz, and v = 200 m/s, a
Fig. 12. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) fo
typical surface stiffness conditions with moving impulse of f0 = 35 Hz, and v = 40 m/s, an4.2.3. Permeability effects on near surface responses
Material physical property must be considered for the wave re-
sponses. When a smaller permeability is applied, the coupling
damp increases. As shown in Figs. 9–11, the material is of perme-
ability j ¼ 11 1012 m2 (fc ¼ 6385 Hz), under the impulses of
peak frequency f0 ¼ 35 Hz and three moving velocities,
v ¼ 40 m=s, 169 m=s, and 200 m=s. And other properties are un-
changed as in Table 1. The peak locations of the R1 wave responses
presented in the solid vertical displacement and the pore ﬂuid
pressure at the ﬁxed receiver (30 m, 30 m, 1 m) are almost over-
lapped under the three surface stiffness conditions. All the R1r the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
and a different material permeability (j ¼ 11 1012 m2).
r the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
nd a different material permeability (j ¼ 11 1012 m2).
r the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
d a different material permeability (j ¼ 1:1 1012 m2).
Fig. 13. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) for the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
typical surface stiffness conditions with moving impulse of f0 = 35 Hz, and v = 169 m/s, and a different material permeability (j ¼ 1:1 1012 m2).
Fig. 14. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) for the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
typical surface stiffness conditions with moving impulse of f0 = 35 Hz, and v = 200 m/s, and a different material permeability (j ¼ 1:1 1012 m2).
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amplitudes. The R1-wave responses bear the strongest energy
under the partially permeable surface, and the weakest under the
fully drained open pore surface. Except this feature, all the other
characteristics represented in the transient responses, such as body
wave forms and ‘blue shift’, etc, are similar to those for the high
permeability case abovementioned.
Figs. 12–14 compare the solid vertical displacements and the
pore ﬂuid pressures at the receiver (30 m, 30 m, 1 m). We consider
the solid of much lower permeability j ¼ 1:1 1012 m2
(fc ¼ 6:385 104 Hz), and other parameters are unchanged as are
listed in Table 1. The transient responses for all the waves areFig. 15. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) fo
typical surface stiffness conditions with moving impulse of f0 = 5 Hz, and v = 40 m/s.completely overlapped each other, no matter the arrival time and
the amplitudes. It is therefore concluded that if material perme-
ability reduces, the inﬂuence of the surface stiffness conditions
on the responses of waves may reduce. The overlapping of the
wave forms of all waves is similar to that for the stationary sources
(Zhang et al., 2012).
4.2.4. Impulse peak frequency effects on near surface responses
Impulse peak frequency is another factor to be considered for
the transient responses. Figs. 15–17 show the solid vertical
displacements and the pore ﬂuid pressures under moving surface
impulses of a low peak frequency (f0 ¼ 5 Hz), and other parametersr the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
Fig. 16. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) for the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
typical surface stiffness conditions with moving impulse of f0 = 5 Hz, and v = 169 m/s.
Fig. 17. Transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) for the solid vertical displacement uz (a) and the pore ﬂuid pressure p (b) under three
typical surface stiffness conditions with moving impulse of f0 = 5 Hz, and v = 200 m/s.
Fig. 18. Power spectra of the transient responses at the receiver of Cartesian coordinates (30 m, 30 m, 1 m) for the solid vertical displacement uz (a) and the pore ﬂuid
pressure p (b) under the open pore surface stiffness conditions with impulses of f0 = 5 Hz, and v = 40, 200 m/s.
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velocities are presented in Table 2. Fig. 16 demonstrates that only
P1 and R1 waves can be identiﬁed. The surface converted waves are
covered by low frequency wavelets of P1 and R1 waves, and cannot
be differentiated. The solid vertical displacements of R1 waves for
the three surface stiffness conditions present the similar character-
istics as those of f0 ¼ 35 Hz, that is, the partially permeable surface
generates the strongest amplitude. For the pore ﬂuid pressure, the
amplitudes and the phases under the three surface stiffness formu-
lations present different tendencies. When the impulse velocity in-
creases up to v ¼ 169 m=s, all the wave forms seem compressed, as
well. For higher impulse velocity v ¼ 200 m=s, these phenomena
become more remarkable, which also can be explained as the ‘blueshift’ for the frequencies. Fig. 18 compares the frequency power
spectra under open pore surface conditions at impulse velocity
v ¼ 40 m=s and v ¼ 200 m=s. There is a signiﬁcant frequency
shift-up for v ¼ 200 m=s related to v ¼ 40 m=s. The peak frequen-
cies of the spectra for both the solid vertical displacement and the
pore ﬂuid pressure at impulse velocity v ¼ 200 m=s are even great-
er than 10 Hz, doubled the original impulse peak frequency, 5 Hz.
The ‘blue shift’ of Doppler effect shows greater effect for the low
frequency impulses. The twisted wave forms, especially for the
R1 waves, become distinct, not as that of f0 ¼ 35 Hz, represented
in the prolonged tails of the wavelets. In this 3D source–receiver
system, the inﬂuence of the lateral impulse velocity related to
the ﬁxed receiver cannot be ignored. That is because for the low
670 Y. Zhang et al. / International Journal of Solids and Structures 51 (2014) 660–672peak frequency impulse (f0 ¼ 5 Hz), the impact time period is
about 0.2 s (T  1=5 ¼ 0:2 s). The lateral velocity causes obvious
lateral movement during the wavelet impulse. Therefore, the
wave-form twist becomes signiﬁcant. While for the high peak fre-
quency impulse, this effect can be ignored. For instance, the peak
frequency of 35 Hz abovementioned, the short impact time period
of T  1=35 ¼ 0:029 s, even for v ¼ 200 m=s, the wave-form twist
is too tiny to be noted.
Therefore, for the low peak frequency and high velocity im-
pulse, the ‘blue shift’ and lateral movement produce more signiﬁ-
cant effects on both transient responses of the solid vertical
displacement and the pore ﬂuid pressure.
5. Conclusions
The transient responses of the porous media are represented by
the characteristics of the propagating waves under moving surface
impulses. A comparative analysis is performed, for the fully
drained open pore, the fully undrained closed pore, and the par-
tially permeable, which are typical different surface stiffness for-
mulations, for the loose overlap, the bituminous pavement and
the typical conditions between the two extreme conditions. Espe-
cially, the solid vertical displacements and the pore ﬂuid pressures
measured at a ﬁxed receiver are compared in detail in the different
situations of moving impulse velocities, material permeabilities,
and impulse peak frequencies. Following conclusions can be drawn
from the numerical investigations:
(1) The surface wave responses are more sensitive to the surface
stiffness conditions than the body waves. The decrement of
material intrinsic permeability makes the surface stiffness
effect on the near surface transient responses to be uncon-
spicuous under the moving surface impulses. The moving
impulse velocity does not alter these surface stiffness effects
on the wave propagations. The amplitudes and the arrival
time of the surface waves show complex variations as the
material permeability changes.
(2) On existence of the apparent velocity pointing towards the
receiver of the moving impulses of ﬁnite-frequency compo-
nents, the frequency components of the transient responses
show ‘blue shift’ of Doppler effect. The higher velocities trig-
ger more obvious ‘blue shift’. Especially for the low peak fre-
quency impulse, the ‘blue shift’ of Doppler effect becomes
more remarkable in the transient responses in the time
and frequency domains.
(3) The lateral velocity of the moving impulses may also twist
the wave forms of the transient responses. The impact
depends on the time period of the impulse wavelet. The long
period of the wavelet causes the large lateral movement of
the impulse, which makes the wave forms twist obviously,
represented in the prolonged wavelet tails. For the short
time period, this twist cannot be deﬁnitely identiﬁed.
The proposed method of transient responses better character-
izes the interaction of the porous media under moving surface im-
pulses, and is useful for civil engineering, geotechnique and
earthquake engineering.
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Appendix A
In a Cartesian coordinate system, the component of the dis-
placements of solid and ﬂuid, ui and wi, i = 1, 2, 3, can be written
by the decompositions of the scalar and vector displacement
potentials of Eq. (3). By triple Fourier transforms for horizontal
space x, y, and time t, substitution of Eq. (3) into Eq. (1) arrives
at the following expressions in the frequency–wavenumber do-
main (Zhang et al., 2012)
e1r2u^1 þ e2u^1  u^2 ¼ 0;
r4u^1 þ e3r2u^1 þ e4u^1 ¼ 0;
#1w^1  w^2 ¼ 0;
r2w^1 þ k23w^1 ¼ 0: ðA:1Þ
where ^ represents the parameter in the frequency–wavenumber
domain, and
e1 ¼ kþ 2laðmx2  ibxÞ  qfx2
;
e2 ¼
ðq aqf Þx2
aðmx2  ibxÞ  qfx2
;
e3 ¼
aMðq aqf Þ þ qf ðkþ 2lÞ þ ðkC þ 2lÞ aðm ib=xÞ  qf
h i
aMðkþ 2lÞ x
2;
e4 ¼
qf ðq aqf Þ þ q aðm ib=xÞ  qf
h i
aMðkþ 2lÞ x
4;
#1 ¼ 
qfx2
mx2  ibx ;
In the frequency domain, the general solution of the potentials
for two type Pwaves and one type shear wave in porous media can
be written by
u^1 ¼ A1ep1z þ B1ep2z; u^2 ¼ d1A1ep1z þ d2B1ep2z;
w^1x ¼ C1eqz; w^2x ¼ #1C1eqz;
and
w^1y ¼ D1eqz; w^2y ¼ #1D1eqz; ðA:2Þ
with the relation r  w^i ¼ 0, i = 1, 2, we obtain
w^1z ¼ iq kxC1 þ kyD1
 
eqz; w^2z ¼  i#1q kxC2 þ kyD2
 
eqz; ðA:3Þ
where A1  D1 are frequency and wavenumber dependent coefﬁ-
cients. And p2i ¼ k2x þ k2y  k2pi, i = 1, 2, where kx and ky are the hori-
zontal wavenumbers in the Cartesian coordinate system. And
q2 ¼ k2x þ k2y  k2s . In order to meet the far ﬁeld radiation condition,
the real parts of pi and q should be positive. The frequency depen-
dent complex wavenumber for the fast P wave – P1-wave and the
slow P wave – P2-wave can be determined
kpi ¼ e3  ðe
2
3  4e4Þ
1
2
2
 !1
2
; i ¼ 1;2; ðA:4Þ
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and kp2 correspond to the P1-wave and P2-wave, respectively, and
Reðkp1Þ 6 Reðkp2Þ. Therefore, the amplitude ratiodi, i = 1, 2 for the
compressional waves is deﬁned as di ¼ e2  kpie1, i = 1, 2. ks is the
frequency dependent complex valued wavenumber for shear –
S-wave
ks ¼ x
qþ #1qf
l
 1
2
: ðA:5ÞAppendix B
Substituting the general solutions of Eq. (7) into the boundary
conditions of Eqs. (10), (11), the frequency–wavenumber depen-
dent coefﬁcients A1  D1 can be determined for possible free sur-
face stiffness conditions.
For fully permeable drained surface (pðx; y; z; tÞjz¼0 ¼ 0), we
obtain
A1 ¼ 2pFðxþ kxvÞR1 ðaþ d2Þ k
2
x þ k2y þ q2
 
k2p2;
B1 ¼ 2pFðxþ kxvÞR1 ðaþ d1Þ k
2
x þ k2y þ q2
 
k2p1;
C1 ¼ 2pFðxþ kxvÞR1 2iky ðaþ d2Þp1k
2
p2  ðaþ d1Þp2k2p1
h i
;
D1 ¼ 2pFðxþ kxvÞR1 2ikx ðaþ d2Þp1k
2
p2  ðaþ d1Þp2k2p1
h i
; ðB:1Þ
where
R1 ¼ ðaþ d1Þk2p1f2  ðaþ d2Þk2p2f1; ðB:2Þ
fi ¼ kk2pi  2lp2i
 
k2x þ k2y þ q2
 
þ 4lpiq k2x þ k2y
 
; i ¼ 1;2;
For fully impermeable sealed surface (@tw3ðx; y; z; tÞjz¼0 ¼ 0), we
obtain
A1 ¼ 2pFðxþ kxvÞR2 h2p2;
B1 ¼ 2pFðxþ kxvÞR2 h1p1;
C1 ¼ 2pFðxþ kxvÞR2 2ikyp1p2ðd2  d1Þ;
D1 ¼ 2pFðxþ kxvÞR2 2ikxp1p2ðd2  d1Þ; ðB:3Þ
where
R2 ¼ g2h1p1  g1h2p2 þ 4lp1p2qðd2  d1Þ k2x þ k2y
 
; ðB:4Þ
gi ¼ kk2pi þ 2lp2i  alðaþ diÞk2pi; i ¼ 1;2;
hi ¼ k2x þ k2y þ q2
 
di þ 2ðk2x þ k2yÞ#1; i ¼ 1;2;
For partially permeable surface (@tw3ðx; y; z; tÞjz¼0
vpðx; y; z; tÞjz¼0 ¼ 0), we obtain
A1 ¼ 2pFðxþ kxvÞR3 l2;B1 ¼ 2pFðxþ kxvÞR3 l1;
C1 ¼ 2pFðxþ kxvÞR3 2kyðt1p2  t2p1Þ;
D1 ¼ 2pFðxþ kxvÞR3 2kxðt1p2  t2p1Þ; ðB:5Þ
where
R3 ¼ g1l2  g2l1 þ 4ilqðt1p2  t2p1Þðk2x þ k2yÞ; ðB:6Þ
li ¼ 2pix#1 k2x þ k2y
 
þ i k2x þ k2y þ q2
 
ti; i ¼ 1;2;
ti ¼ vðaþ diÞMk2pi þ ixpidi; i ¼ 1;2:References
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